Neurons receive signals through dendrites that vary widely in number and organization, ranging from one primary dendrite to multiple complex dendritic trees. For example, retinal amacrine cells (ACs) project primary dendrites into a discrete synaptic layer called the inner plexiform layer (IPL) and only rarely extend processes into other retinal layers. Here, we show that the atypical cadherin Fat3 ensures that ACs develop this unipolar morphology. AC precursors are initially multipolar but lose neurites as they migrate through the neuroblastic layer. In fat3 mutants, pruning is unreliable and ACs elaborate two dendritic trees: one in the IPL and a second projecting away from the IPL that stratifies to form an additional synaptic layer. Since complex nervous systems are characterized by the addition of layers, these results demonstrate that mutations in a single gene can cause fundamental changes in circuit organization that may drive nervous system evolution.
INTRODUCTION
A defining characteristic of all neurons is the number and arrangement of primary dendrites. For instance, GABAergic cortical interneurons elaborate multiple primary dendrites, whereas Purkinje neurons extend a single dendritic tree. Dendrites develop from multipotential neurites that emerge from the cell body of developing neurons (Barnes and Polleux, 2009 ). One neurite is specified to become an axon, whereas the remainder are either lost or become primary dendrites, each of which arborizes to form a dendritic tree. Although pathways establishing axonal versus dendritic identity are being elucidated, the steps that determine how many neurites are retained to become primary dendrites are poorly understood (Jan and Jan, 2010) .
Much of what is known about dendrite development has come from studies of neurons with highly stereotyped branching patterns. For instance, the dendritic arborization neurons innervating the Drosophila larval body wall fall into four distinct classes on the basis of arbor complexity (Grueber et al., 2002) , and genetic screens for changes in this morphology have been productive (Parrish et al., 2006; Ye et al., 2007) . Amacrine cells (ACs) of the vertebrate retina offer many of the same advantages. ACs are interneurons that modulate the activity of bipolar cells and retinal ganglion cells (RGCs) via synapses in the inner plexiform layer (IPL). Different types of ACs exhibit distinct functions that are determined in part by their dendritic patterning, with at least 22 morphologically defined classes (MacNeil and Masland, 1998) . Despite this diversity, AC connectivity is relatively easy to assess because of the stereotyped laminar organization of the retina, which has three distinct cellular layers separated by two synaptic plexiform layers ( Figure 1A ). ACs reside both in the inner nuclear layer (INL) and in the ganglion cell layer (GCL). However, regardless of their location, many ACs are unipolar and extend a single primary dendrite oriented into the IPL, which separates the INL from the GCL. For ACs in the INL, these dendrites point inward to the IPL. For ''displaced'' ACs in the GCL, which represent a large fraction of mouse ACs, the dendrites extend outward to the IPL (Jeon et al., 1998) . Hence, dendrite number and orientation is robustly controlled and coordinated with the laminar organization of the retina. In addition, the segregation of AC bodies and their processes facilitates detection of changes in the formation or alignment of the dendritic tree. Finally, ACs lack classic axons so dendrite morphogenesis can be studied independent of effects on axon specification.
ACs acquire their final dendritic morphology through a series of events involving multiple signaling systems. The earliest changes occur as ACs migrate through the neuroblast layer (NBL). Live imaging in zebrafish and histological studies in chicks and rodents suggest that AC precursors are initially multipolar, migrate to their final position, and then form polarized dendritic trees projecting into the IPL Hinds and Hinds, 1978; Prada et al., 1987) . Although the RGCs are born first, ACs appear to play a dominant role in the initial development of the IPL. For instance, live imaging studies indicate that ACs extend their projections directly to specific sublaminae in the IPL, followed by remodeling of RGCs' arbors Mumm et al., 2006) . Stratification of dendrites into distinct sublaminae is regulated in part by a repulsive Semaphorin signaling event (Matsuoka et al., 2011) . Within each sublamina, dendrites from specific pairs of ACs and RGCs may recognize each other via homophilic cell adhesion molecules such as Sidekicks and Dscam proteins (Yamagata and Sanes, 2008) , although whether the same mechanisms operate in chick and mouse is unclear (Fuerst et al., 2009) . Final dendritic morphology is further influenced by self-avoidance that is also mediated by Dscam and ensures that individual classes of ACs spread their arbors evenly across the retina (Fuerst et al., 2008 (Fuerst et al., , 2009 . In contrast to these advances regarding IPL stratification, little is known about earlier mechanisms that mediate the initial extension of primary dendrites.
One receptor with a potential role in AC development is the atypical cadherin Fat3, which is localized to processes in the IPL (Nagae et al., 2007) . Fats are transmembrane proteins that typically have 34 cadherin repeats as well as laminin A-G domains and EGF repeats in a huge extracellular domain (Sopko and McNeill, 2009; Tanoue and Takeichi, 2005) . Fat function is best understood in flies, which have two fat genes: fat and fatlike (or fat2). Mutations in fat cause overgrowth of larval imaginal discs and long-range planar polarity defects, such as misalignment of ommatidia in the eye and bristles in the wing and abdomen (Goodrich and Strutt, 2011) . How Fat signaling influences planar polarity is not well understood, especially with respect to possible interactions with the core planar cell polarity pathway (Bayly and Axelrod, 2011; Lawrence et al., 2007) . Fat signaling events are initiated by another large cadherin, Dachsous (Ds), and the strength of Fat-Ds binding is modulated by phosphorylation of both the ligand and receptor by the Golgi kinase Four-jointed (Fj) (Brittle et al., 2010; Ishikawa et al., 2008; Simon et al., 2010) . Fat-like is less studied, but is required for polarization of follicle cells surrounding the egg chamber (Viktorinová et al., 2009 ). This effect seems to be independent of Ds and of core planar cell polarity components such as Van Gogh, suggesting that Fat-like signals through a distinct polarization pathway. Fat3 is one of four Fat-related proteins in mammals (Tanoue and Takeichi, 2005) . The closest ortholog to Drosophila Fat is Fat4, which plays a conserved role in planar polarity (Saburi et al., 2008) . Fat1 and Fat3 are more closely related to Drosophila Fat-like at the amino acid level (Castillejo-Ló pez et al., 2004) . Fat1 is not required for classic planar polarity events (Ciani et al., 2003) but is implicated in regulation of the actin cytoskeleton, perhaps acting via the Ena/Vasp proteins (Moeller et al., 2004; Schreiner et al., 2006; Tanoue and Takeichi, 2004) . Although Fat2 and Fat3 are present in the nervous system (Mitsui et al., 2002; Nagae et al., 2007; Nakayama et al., 2002) , no function for either family member has been described.
Based on its localization during IPL development, we hypothesized a role for Fat3 in AC dendrite morphogenesis. Here, we show that Fat3 acts in ACs to restrict dendrite number. In addition, Fat3 controls the distribution of ACs between the INL and the GCL. In mice lacking fat3, ACs develop an extra dendritic arbor and migrate into the GCL in excess numbers, where they recruit contacts with surrounding cells. As a consequence, the fat3 mutant retina contains two new plexiform layers. Hence, our data establish Fat3 as a critical regulator of dendrite morphogenesis and retinal circuit assembly.
RESULTS
Amacrine Cells Lose Neurites as They Migrate into the INL Dendrite morphogenesis begins with the selection of a specific number of dendrites, each of which branch and elaborate to form mature arbors appropriate for that neuron's function (Jan and Jan, 2010) . In many AC classes, the number of dendrites is highly stereotyped and cells develop single primary dendrites oriented toward the IPL, regardless of whether the cell is located in the INL or GCL. Electron microscope studies showed developing ACs are bipolar when they initially reach the IPL, followed by elaboration of the dendritic arbor (Hinds and Hinds, 1978) , suggesting a link between the end of migration and the beginning of dendrite morphogenesis. We extended these studies using genetic labeling to distinguish migrating ACs from RGCs unambiguously and to quantify dendrite number with respect to cell position during migration. Because ACs but not RGCs derive from progenitors expressing Ptf1a, ACs were labeled by crossing Ptf1a-cre knock-in mice (Fujitani et al., 2006) to the Z/EG fluorescent indicator line (Novak et al., 2000) (see Figure S1 available online). Using this approach, cells expressing Cre-recombinase permanently express GFP and can be imaged at any stage of development, regardless of whether the Ptf1a promoter remains active. Although Ptf1a is also expressed in horizontal cells, we observed only a low frequency of Ptf1a-cre-mediated recombination in these cells; therefore, most labeled cells come from AC lineages ( Figures S1A and S1B ). Amacrine cells labeled using this method extended only a single primary dendrite, confirming that this population offers a useful entry point for studying regulation of dendrite number.
Genetically labeled cells were visualized in Ptf1a-cre;Z/EG mice at postnatal day 1 (P1), a time of active AC production and migration (Voinescu et al., 2009) (Figure 1B ). This approach confirmed that ACs lose neurites as they migrate closer to the IPL ( Figures  1B, 1C , and 1F-1I). We find that cells in the outer NBL are multipolar, with >4 neurites. In the middle of the NBL, cells reduce neurite number and assume a bipolar morphology, with a leading process directed toward the GCL and a trailing process pointing to the NBL. This bipolar morphology is retained as cells reach the IPL, but subsequently resolves into a unipolar morphology, with dendrites extending only into the IPL. These observations highlight the close relationship between the morphology of migrating and mature neurons and are consistent with live imaging in zebrafish and histological analysis in rodents and chicks Hinds and Hinds, 1978; Prada et al., 1987) .
Fat3 Protein Is Localized to Dendrites from the Earliest Stages of IPL Development
Our observations suggest that the transition to a unipolar morphology is controlled by cell-cell interactions in the nascent IPL. Specifically, we hypothesized that ACs receive signals through a cell-surface receptor present on dendrites that mediates changes in cell morphology. An excellent candidate is the atypical cadherin Fat3, which is localized to processes throughout the developing and mature IPL (Nagae et al., 2007) . Fat3 is a large >500 kDa protein with 34 cadherin domains, a laminin A-G, and four EGF repeats in its ectodomain ( Figure S2A ) (Tanoue and Takeichi, 2005) . Although the functions of Fat3 are unknown, the closely related Fat1 can control cell-cell contacts (Ciani et al., 2003) and induce polarized changes in the actin cytoskeleton (Moeller et al., 2004; Schreiner et al., 2006; Tanoue and Takeichi, 2004) .
In situ hybridization confirmed that fat3 is transcribed during IPL formation in cells at the bottom of the INL, where ACs reside, as well as in the GCL, which contains RGCs and displaced ACs ( Figure 1D ). Expression is maintained after the retina has acquired a mature morphology ( Figure 1E ). To pinpoint the onset of Fat3 expression relative to dendrite morphogenesis, we generated an antibody to Fat3 and performed double immunolabeling of Fat3 and GFP on Ptf1a-cre; Z/EG retinas at times spanning the initial production of ACs to stratification of the IPL. This allowed correlation of Fat3 localization with specific changes in AC morphology. During early stages of AC development (E17.5), Fat3 is present in the GCL, with no obvious enrichment in migrating ACs ( Figure 1F ). At P0 a discrete band of Fat3 protein emerges in the nascent IPL, which now contains more AC processes ( Figure 1G ). Although many ACs retain trailing processes at this stage, Fat3 is restricted to the IPL, suggesting enrichment in the early primary dendrite. By P5, there are more ACs with extensive arbors and Fat3 immunolabeling increases accordingly ( Figure 1H ). This expression is maintained at P11 and extends across the entire width of the IPL. Fat3-positive processes stratify in the IPL and are present in all sublaminae (Figure 1I) . Hence, Fat3 is localized to dendrites after ACs reach their final destination and is then maintained throughout dendrite morphogenesis and maturation.
Neurite Number Is Increased in fat3 Mutant Amacrine Cells
The enhancement of Fat3 protein in the IPL upon arrival of ACs suggested that Fat3 might play a role during the earliest stages of dendrite development. To test this idea, we generated fat3 mutant mice by flanking the exon encoding the Fat3 transmembrane domain with LoxP sites (fat3 floxed ) ( Figures S2B-2G ); a null allele (fat3 KO ) was generated by deleting this exon using a global Cre driver. No full-length Fat3 protein can be detected in fat3 KO tissue by western blot using two different antibodies against the cytoplasmic domain ( Figures S2A and S2H ). Because this domain is critical for Fat signaling in flies and vertebrates (Matakatsu and Blair, 2006; Tanoue and Takeichi, 2004) , the fat3 KO mutation is likely a complete loss of function. In addition, no differences were identified between fat3 heterozygotes and wildtype (WT) controls ( Figure 5K and data not shown).
Analysis of fat3 KO retinas at P3 revealed striking changes in AC morphology. In WT retina, calretinin immunolabeling marks several classes of unipolar ACs that extend processes into the nascent IPL ( Figure 2A ). Yet in fat3 KO s, 23% (+/À8%) of these cells have two neurites: a normal process projecting into the (Feng et al., 2000) , which express YFP in subsets of isolated retinal cells at these early postnatal stages, allowing independent confirmation that ACs extend ectopic neurites toward the outer retina in fat3 KO s ( Figures  2D and 2E ). To determine the origin of the extra neurites, we examined Ptf1a-cre;Z/EG-labeled ACs during migration in fat3 KO retinas. Initially, mutant ACs transform from multipolar to bipolar with clear leading and trailing processes, similar to controls ( Figures  1B and 2F ). In contrast, mutant neurons frequently maintain two processes after reaching the IPL ( Figure 2G ). Most WT ACs are unipolar at this stage, although 14% extend a short trailing process that is likely in the process of retraction (mean = 5.5 ± 0.5 mm; n = 38 cells). In contrast, 35% of mutant neurons retain a trailing process. The length of these extra neurites is much longer than in controls (mean = 24.5 ± 0.5 mm; n = 58 cells) and is similar to the length of the trailing process in migrating WT neurons at this stage (mean = 35.3 ± 1.7 mm; n = 50 cells). The simplest explanation for these observations is that fat3 KO ACs develop abnormal shapes because of a failure to retract the trailing process upon reaching the IPL.
Fat3 Mutant Amacrine Cells Create Two Additional Plexiform Layers
During normal development, most ACs retain a single neurite that develops as a primary dendrite and arborizes in the IPL. However, it is not known whether this neurite becomes a dendrite by default or if additional cues are involved. Therefore, we asked whether retention of an extra neurite in fat3 KO s is sufficient to promote dendrite development by examining different classes of ACs in the mature fat3 KO retina. We found that multiple types of ACs develop extra dendrites that project away from the IPL and stratify in a single layer dividing the INL, as visualized by staining for calretinin ( Figure 3B ). Furthermore, although GFPpositive ACs in Ptf1a-cre;Z/EG retinas are unipolar (Figure 3C ), extra dendrites extend away from mutant cells and into the INL (arrow, Figure 3D ). Ectopic arborization is easiest to appreciate in the dopaminergic (TH-positive) ACs, which extend multiple processes away from the cell soma, through the INL and toward the OPL. Although WT dopaminergic ACs also send processes toward the OPL, these are usually dendritic branches originating from the IPL rather than the cell soma (arrows, Figure 3E ) (Gustincich et al., 1997) . Thus, the ectopic dendrites in fat3 KO mice may be directed toward appropriate synaptic targets (arrows, Figure 3F ). The AII amacrine cells also have ectopic processes in the INL (Figures 3G and 3H) ; however these processes divide the AII population so ectopic processes extending to the outer retina cannot be distinguished from normal dendrites directed at the IPL. The AII cells located in the outer half of the mutant INL also commonly send long dendrites into the OPL (arrows, Figure 3H ). Like dopaminergic ACs, these extra dendrites appear to be recruited by natural targets because rare misplaced AII cells make similar projections in WT retina (Lee et al., 2006) . In addition, some AII amacrine cell dendrites were detected in the vicinity of the nerve fiber layer (NFL) ( Figure 3H ), a region that is devoid of processes in the WT retina ( Figure 3G ). Analysis with additional markers (described below) confirms the presence of a second layer of processes here, likely arising from displaced ACs in the GCL. Thus, mutant ACs can develop remarkably extensive dendritic arbors from extra neurites located outside of the IPL.
Because dendrites serve as synaptic targets, we investigated whether the extra dendritic arbors in fat3 KO retina can recruit contacts from surrounding neurons. To distinguish between secondary effects and fat3-dependent changes in morphology, we focused on rod bipolar cells (RBCs) because fat3 mRNA is not expressed in the vicinity of developing or mature bipolar cells ( Figures 1D and 1E ). In the WT retina, RBCs extend dendrites to the inner boundary of the IPL, where they contact postsynaptic AC dendrites, including AII cells ( Figure 3I ). In fat3 KO retina, RBCs frequently overshoot the IPL and form ectopic endings in the NFL (bracketed region, Figure 3J ). This is the same region that contains ectopic AII cell processes (bracketed region, Figure 3H ), suggesting that ectopic AC dendrites can attract normal pre-synaptic partners, evidently via a Fat3-independent mechanism.
Since both pre-and post-synaptic processes are present in ectopic locations in the fat3 KO retina, we asked whether synaptogenesis can occur in such unusual conditions. We examined two synaptic vesicle markers: VGAT, a vesicular glutamate transporter present at GABAergic synapses, and SV2, which is a general synaptic vesicle marker. Indeed, VGAT staining reveals extensive ramification of GABAergic dendrites in the INL and in the NFL (Figures 4A and 4B) . Moreover, SV2 staining confirmed the presence of synaptic proteins in both ectopic locations ( Figures 4C and 4D ). Most strikingly, electron micrographs from adult fat3 KO retina reveal the presence of ectopic synaptic contacts in the INL, where they are separated from the IPL by AC cell bodies. These contacts were characterized by a cluster of synaptic vesicles adjacent to the presynaptic membrane, a narrow synaptic cleft, and a thinner postsynaptic density, as typically seen in GABAergic and glycinergic AC synapses (Figure 4E) . Within the NFL, we identified dyad synapses, which are characterized by glutamatergic bipolar cell endings onto AC and RGC dendrites. These contacts were characterized by a presynaptic ribbon surrounded by synaptic vesicles in the bipolar ending, an enlarged synaptic cleft, and prominent postsynaptic densities in both members of the dyad ( Figure 4F ). Thus in fat3 KO s, ACs form stable synapses in ectopic locations that are maintained into adulthood. Altogether, the ultrastructural evidence, presence of synaptic proteins, and recruitment of bipolar cell endings indicate that ectopic AC dendrites produce bona fide plexiform layers in fat3 KO s. Therefore, we refer to the new layer in the INL as the outer misplaced plexiform layer (OMPL), and the layer inside of the GCL as the inner misplaced plexiform layer (IMPL).
Subsets of Amacrine Cells Are Mislocalized in the fat3
Mutant GCL The addition of two new plexiform layers is accompanied by a striking re-organization of the cellular layers in fat3 KO retinas. First, the OMPL creates a break at the level of the Mü ller glia cell bodies that separates the majority of ACs from the remainder of the INL (Figures 5A and 5B) . Second, and more unexpectedly, the GCL is thicker than in control retinas, with a $45% increase in total cell number ( Figure 5K ). The additional cells are not RGCs, as demonstrated by expression of the RGC marker Brn3 ( Figures  5C, 5D , and 5K). Instead, there is a significant increase in the number of displaced ACs in the GCL of fat3 KO s compared with littermate controls (Figures 5E and 5F ). Because there is no change in total AC number between genotypes ( Figure 5K ), we conclude that the increase in GCL content reflects changes in AC distribution rather than proliferation. Consistent with this finding, we also observed a $50% reduction in the frequency of calretinin-positive ACs in the mutant INL ( Figures 3A and 3B ). These changes in retinal lamination could reflect an additional function for Fat3 in migration or could be secondary to the presence of the IMPL and OMPL. To distinguish between these possibilities, we asked whether specific classes of ACs are affected using two general markers: the transcription factor Bhlhb5, which is present in populations of GABAergic ACs and off-cone bipolars (Feng et al., 2006) , and EBF, which is expressed by glycinergic ACs with the exception of the AIIs (Voinescu et al., 2009). The AII cells were marked by Dab1 (Rice and Curran, 2000) and the cholinergic starburst ACs by ChAT.
We found that GABAergic AC distribution is specifically disrupted by loss of fat3, with a significant proportion of Bhlhb5-positive cells mislocalized in the GCL or trapped within the IPL ( Figure 5G-H,K) . In contrast, glycinergic ACs and the starburst cells, which are equally divided between the INL and GCL in WT retina, are properly distributed in fat3 KO s (Figures 5G-5K ). Although the different classes of ACs are born sequentially (Voinescu et al., 2009), the migration phenotype does not correlate with birth order, because neither early-born starburst cells nor the-late born AII amacrine or EBF-positive cells are mislocalized to the GCL. However, AII amacrine cells are frequently mispositioned within the INL, where they are located outside of the OMPL ( Figure 3H ). This distribution likely occurs as a result of formation of an OMPL before all AIIs have migrated away from the NBL. In contrast, only the GABAergic classes marked by Bhlhb5 and born during intermediate stages of retinal development were mislocalized. The highly specific effect on GABAergic AC distribution suggests that Fat3 signaling actively restricts this cell population to the INL. Despite these changes, the overall organization of the mature retina is surprisingly intact, with clearly defined nuclear and synaptic layers and a persistent stratification of the IPL into sublaminae.
Fat3 Acts Independently to Regulate Dendrite Number and Cell Migration
Our data suggest that Fat3 influences multiple aspects of AC development, with effects on dendrite number and cell migration combining to create an unusual pattern of retinal lamination in fat3 KO mice. Given the tight temporal relationship between the end of migration and the beginning of dendrite development, one attractive interpretation is that Fat3 functions as a receptor to induce changes in the cytoskeleton that are critical for both cellular events. However, fat3 is also expressed by RGCs and could play an independent role in GCL development. To separate the functions of Fat3 in these two cell populations, we selectively deleted fat3 from ACs by crossing the fat3 floxed mice with Ptf1a-cre mice to create AC conditional knock-outs (fat3 CKO ). Ptf1a-cre is well suited for this experiment because Cre expression occurs early during AC differentiation (Fujitani et al., 2006) and drives recombination in ACs before Fat3 expression and before migration and dendrite extension (Figure 1, Figure S1 ). Ptf1a-cre-mediated recombination of fat3 floxed proved highly efficient, and in the fat3 CKO retina, fat3 mRNA is severely diminished in the INL but is maintained in the GCL ( Figures 6A and 6B ). Contrary to our hypothesis, analysis of fat3 CKO s revealed that dendrite number and cell migration defects do not appear to share a common origin. As predicted, the OMPL is present in all fat3 CKO s examined (n = 4) based upon the organization of nuclei in the INL (Figures 6C and 6D ) and the distribution of calretinin-positive dendrites ( Figures 6E and 6F) . Thus, Fat3 signaling is required in ACs to ensure the polarized extension of dendrites into the IPL. However, no IMPL was detected, as revealed both by SV2 immunolabeling and the distribution of RBC endings ( Figures 6G and 6H) . Moreover, fat3 CKO mice lack the migration defect apparent in fat3 KO s, with no significant change in the number of DAPI-stained nuclei in the GCL of fat3 CKO versus Cre-positive controls ( Figures 6C, 6D , and 6I).
These observations suggest that the OMPL found in both types of mutants is created by ACs that are properly positioned but develop bipolar morphologies, whereas the IMPL, which is found only in fat3 KO s, is created by ACs that migrate inappropriately into the GCL and then extend ectopic dendrites into the NFL. These phenotypic differences imply that Fat3 acts independently to control AC morphology and migration. The clear separation of effects on morphology versus migration indicates that the persistence of the trailing process does not a priori cause a migration phenotype and, conversely, that the presence of this process is not secondary to abnormal migration.
The fat3 CKO phenotype demonstrates that the Fat3 receptor is required in ACs to control dendrite number and raises the question of which cells might provide the relevant ligand. Fat3 protein is enriched in the developing IPL (Figure 1 ), suggesting that Fat3 localization and signaling occurs in response to cell-cell interactions within the IPL. Two types of interactions can be envisioned: AC-AC interactions and AC-RGC interactions. We distinguished between these possibilities by investigating plexiform layer development in math5 KO mice. Math5 is a basic helix-loop helix transcription factor required for RGC differentiation, and in math5 KO s the majority of RGCs are absent because their precursors become ACs (Feng et al., 2010; Wang et al., 2001) . However, despite the dramatic reduction of RGCs, neither an OMPL nor an IMPL formed, as evidenced by the absence of VGAT-labeled processes outside of the IPL ( Figure 6J ). In contrast, simultaneous loss of math5 and fat3 recapitulates the fat3 KO phenotype, with formation of an extensive OMPL and IMPL ( Figure 6K ). This strongly suggests that Fat3 in ACs receives signals from other ACs to govern dendrite morphogenesis. In support of this idea, the distribution of Fat3 in the IPL of the math5 KO is largely unaltered, which is consistent with the argument that only AC-AC contacts are necessary for Fat3 localization ( Figure 6L ). Together, these results show that regulation of dendrite number in ACs does not require RGCs, nor are RGCs necessary for the maintenance of ectopic AC dendrites in the fat3 KO retina. Unfortunately, the role of RGCs in regulating AC migration remains unclear because the changes in overall AC number precluded an informative analysis of AC distribution (Feng et al., 2006) .
Fat3 Genetically Interacts with fjx1 to Restrict Plexiform Layer Formation
In Drosophila, Fat is activated by another atypical cadherin, Ds, and the strength of this interaction is modulated by the Golgi kinase fj (Brittle et al., 2010; Ishikawa et al., 2008; Simon et al., 2010) . Fj plays a central role in this system by enhancing Fat activity while simultaneously reducing Ds's ability to bind to Fat (Simon, 2004; Simon et al., 2010) . As a consequence, Fat activity is proposed to become asymmetric within individual cells. Although subsequent signaling events may vary depending on the context, the Fat-Ds-Fj cassette is used in multiple developmental events (Sopko and McNeill, 2009) . Similarly in mammals, fat4 genetically interacts with the sole fj ortholog fjx1 to control oriented cell divisions in the kidney (Saburi et al., 2008) . Intriguingly, dendrite phenotypes have been described in the hippocampus of fjx1 mutant mice (Probst et al., 2007) , raising the possibility that fjx1 might interact with fat3 during AC development. To test this idea, we asked whether fat3 and fjx1 are co-expressed in the developing and mature retina. At P3, both fat3 and fjx1 are present in regions containing ACs and RGCs, with additional fjx1 expression in the top of the developing INL, where bipolar cells will reside ( Figure 7A ). This expression fits with predictions, because fjx1 expression should overlap with fat3 if an interaction is conserved. By P11, fjx1 expression is much more restricted but continues to be expressed with fat3 in the GCL ( Figure 7B ).
We tested whether Fjx1 enhances Fat3 signaling by intercrossing fjx1 and fat3 KO lines. Of note, Fat phosphorylation is not an obligatory modification, because Fat-Ds interactions can occur in the absence of fj, and fj mutant flies do not exhibit striking planar polarity defects on their own (Zeidler et al., 2000) . Hence, Fj function is best revealed through genetic interactions. Similar to the situation in flies, there are no fat3-like phenotypes in the retina of fjx1 mutant mice ( Figure 7C,D) . Moreover, fat3;fjx1 DKOs do not show enhanced OMPL or IMPL formation or changes in Bhlhb5-positive AC distribution in the central retina (data not shown). This fits with predictions because Fjx1 is modeled to act upstream of Fat3 and should therefore have no effect in the absence of Fat3. However, a mild fat3-like phenotype does emerge in fat3 +/À ;fjx1 À/À retinas, as revealed by the presence of a thin, VGAT-positive IMPL (Figures 7C-7E ). This ectopic layer only forms in the periphery of the ventral retina as identified by the presence of blue cones in the ONL. In contrast, an IMPL cannot be detected in the dorsal periphery of fat3
;fjx1 À/À mice ( Figure 7F ).
Hence, loss of fjx1 enhances the fat3 heterozygous phenotype, a genetic interaction that is consistent with results from Drosophila, where Fj normally promotes Fat signaling.
DISCUSSION
During development, neurons acquire specific morphologies, with one axon and a variable number of dendrites branching in complex, yet stereotyped, patterns. Previous studies have focused on the initial axon specification or final arborization events, with little known about the mechanisms that define dendrite number. Here, we provide new insights into the cellular and molecular events that coordinate dendrite number and orientation during development in vivo and report evidence that this process depends on cell-cell interactions mediated by Fat3. As well as revealing a molecular mechanism for the control KO retinas do not form ectopic plexiform layers as revealed both by DAPI staining (gray) and VGAT labeling (green), further indicating that control of dendrite number is an AC autonomous event.
(K) However, in fat3;math5 DKOs, VGAT-positive OMPL and IMPL formation is prominent, similar to fat3 KO s, confirming that Fat3 activity is responsible for the development of normal AC morphologies in the math5 KO .
(L) Fat3 immunolabeling (red) persists in math5 KO , confirming that Fat3 protein is localized to AC dendrites and does not require a signal from RGCs to maintain this localization. All specimens were collected at P11. Scale bars represent 200 mm (A and B) and 50 mm (C-L). of dendrite number, these studies provide new insights into the diverse functions of Fat cadherins, which are best known for their role in planar polarity.
Most studies of neuronal morphogenesis have focused on intrinsic mechanisms (Barnes and Polleux, 2009 ), leading to the identification of pathways that establish apical-basal polarity and cytoplasmic effectors that sculpt the cytoskeleton (Barnes et al., 2007; Witte and Bradke, 2008) or plasma membrane (Guerrier et al., 2009) . Similarly, formation of the primary dendrite may depend on the atypical protein kinase C (aPKC), which restricts dendrite number in Purkinje neurons by localizing the Golgi apparatus (Tanabe et al., 2010) . However, little is known about how these intracellular events are triggered or controlled in the developing brain. Indeed, recent evidence suggests that there are fundamental differences in how axon specification occurs in vitro, where extracellular signals are presumably uniform, and in vivo, where the specification and orientation of axons depends on environmental cues (Randlett et al., 2011 ; ;fjx1 À/À mice is restricted to the periphery of the ventral retina, a region that is enriched for SOP expressing blue cones (blue). No IMPL develops in dorsal regions (F). Scale bars represent 100 mm (A and B) and 50 mm (C-F). Zolessi et al., 2006) . Our results underscore the influence of the extracellular environment not only for axons, but also for dendrites. Although RGC axons are oriented by a laminin-1-based cue in the basal lamina, our data suggest that amacrine dendrites rely on the cell surface receptor Fat3 to respond to signals localized in the IPL. As a result, RGCs reliably extend a single axon basally and toward the optic nerve head, whereas ACs direct a single primary dendrite toward the IPL, regardless of cell body location. This offers an attractive mechanism for linking the final number of dendrites with the overall organization of the tissue. An outstanding question is how Fat3 signaling in the dendrite leads to retraction of the trailing process. Most evidence points to direct regulation of the actin cytoskeleton. Indeed, Fat3 is closely related to Fat1, which can affect cell morphology in vitro, likely via an EVH domain that binds Ena/Vasp family cytoskeletal regulators as well as the Homer scaffold protein (Moeller et al., 2004; Schreiner et al., 2006) . A similar domain is present in Fat3, suggesting that Fat3 might induce neurite retraction by direct regulation of the actin cytoskeleton. Because Ena/Vasp proteins have a well-established role in neurite formation (Kwiatkowski et al., 2007) , an attractive idea is that Fat3 transforms the leading process into a dendrite by controlling the local distribution of Ena/Vasp. One effector might be aPKC based on its role in Purkinje neuron dendrite development (Tanabe et al., 2010) . However, because many proteins and organelles are influenced by gross changes to the actin cytoskeleton, a major research effort combining biochemistry, cell biology, and mouse models will be needed to determine which are directly linked to Fat3 signaling.
Given the known role of Fat proteins in PCP (Sopko and McNeill, 2009) , it is possible that Fat3 ensures development of unipolar morphologies by coupling planar polarity cues and cytoskeletal regulators. Drosophila Fat has a well-established role in planar polarity in the eye, wing, and abdomen, and a link to the cytoskeleton is likely, because Fat's effects on planar cell polarity in the developing wing involve the asymmetric growth of microtubules (Harumoto et al., 2010) . By comparison, less is known about the function of fat-like. However, recent evidence showed that Fat-like is also a polarity protein that is asymmetrically distributed within ovarian follicle, cells where it functions to align actin filaments (Viktorinová et al., 2009) . Notably, neither Ds nor members of the core PCP complex are required for follicle cell polarization, suggesting that Fat-like signaling diverges from what has been shown for Fat. A role for Fj has not been investigated in this system.
Our evidence from the vertebrate retina suggests that Fat3 acts more like Fat-like than Fat. Consistent with this, Fat3 is more closely related to Fat-like at the amino acid level, due largely to similarities between the intracellular domains, and both proteins exhibit asymmetric subcellular distributions (Figure 1) (Viktorinová et al., 2009) . In contrast, the intracellular domains of Fat3 and Fat4 are highly divergent. Moreover, unlike fat4 mutants, fat3 KO s do not exhibit obvious PCP defects in the inner ear ( Figure S3 ), nor are new polarity phenotypes revealed in fat3;fat4 double mutants (Saburi et al., submitted) . Instead, fat3 and fat4 appear to have distinct and sometimes opposing functions in many tissues, apart from the vertebral arches where fat3 and fat4 may synergize (Saburi et al., submitted) . Nevertheless, both Fat3 and Fat4 appear to be subject to modulation by Fjx1, with loss of fjx1 enhancing both fat3 and fat4 phenotypes (Saburi et al., 2008) . Although such an interaction is known to be part of the Fat system (Simon et al., 2010) , our results indicate that Fat-like cadherins may also be modulated by Fj/Fjx1.
If Fat3 is indeed analogous to Fat-like, then a Ds ligand may not be required for AC development. An alternative possibility is that Fat3 mediates homophilic interactions between AC dendrites, consistent with the report that mammalian Fat2 proteins can bind homophilically . This model fits with our observation that RGCs are not required for Fat3 protein localization or for proper development of unipolar morphologies. Whether this is a general mechanism for AC polarization is unclear, though this may offer a molecular explanation for the proposal that AC-AC interactions direct IPL development in the absence of RGCs in zebrafish (Kay et al., 2004) . Further, our studies suggest a prominent role for Fat3 in some GABAergic ACs, but Fat3 is broadly expressed and other types are also affected. Indeed ACs are a morphologically and functionally diverse population of neurons, so it is not surprising that not all classes are equally affected by the loss of Fat3. Similarly, studies of axon specification suggest that multiple cues are involved in neuronal morphogenesis in vivo (Barnes and Polleux, 2009) . Future studies are needed to decipher how subtypes of ACs respond differently to Fat3 and whether additional Fat molecules or pathways participate.
Fat cadherins are emerging as highly versatile molecules that act through multiple pathways to regulate diverse aspects of cell behavior (Sopko and McNeill, 2009 ). Our results reveal still more functions for Fat cadherins, establishing independent roles in neuronal morphogenesis and cell migration. Although the effects on AC morphology likely involve regulation of the cytoskeleton, how Fat3 signaling in RGCs ultimately cordons ACs in the INL is unclear. However, a non-autonomous function for Fat has been suggested in flies, where Fat may regulate transcription of secreted factors essential for PCP, possibly through the transcriptional repressor Atrophin (Fanto et al., 2003) . Similarly, Fat3 might act in RGCs to control production of a chemorepellent that prevents ACs from migrating through the IPL.
The nature of the fat3 KO phenotype provides an excellent example of how mutations in one gene can create new cellular layers that are associated with equally discrete synaptic layers, as likely occurred during the evolution of the nervous system. Indeed, even a relatively subtle change in neuronal morphology such as the retention of a trailing process is apparently sufficient to drive development of an entirely new plexiform layer. In addition, certain neurons seem to serve as master regulators of circuit assembly, and our findings support emerging models of retinal development in which maturation of the IPL is guided by ACs . Thus, when AC development is disrupted, the overall structure of the retina is as well. Notably, despite the presence of two additional plexiform layers and extra cells in the GCL, the overall organization of the retina is not severely disrupted: the basic layers are present and the new layers are neatly organized. This suggests that the retina is quite plastic in its ability to accommodate changes in the organization and shapes of ACs. Thus, although mutations in critical regulators of cell fate and proliferation lead to catastrophic failure of brain development, the fat3 phenotype demonstrates that single gene changes can also generate orderly changes in the structure of the nervous system. This provides a potential explanation for how expanded populations of neurons can be incorporated into pre-existing circuits without compromising animal viability.
EXPERIMENTAL PROCEDURES

Mouse lines
Fat3 mutant mice were generated by homologous recombination in ES cells followed by breeding to 
Quantification
For migrating ACs, the number of neurites per Ptf1a-cre;Z/EG-labeled cell was counted at P1. Trailing process length and cell position relative to the OLM were measured using ImageJ (NIH, Bethesda, MD). Cells in group A had 2-3 neurites but had not yet reached the IPL, whereas cells in group B had elaborated a dendritic tuft in the IPL. For all cell quantifications: 14 mm cryosections were cut perpendicular to the retina and only fields containing intact, PKCalpha-labeled bipolar cells were analyzed. For Brn3, Bhlhb5, Chat, EBF or GFP-positive AC, and GCL nuclei, quantification images were collected by confocal microscopy with an optical thickness of 3.6 mm. Three to six sections were analyzed per retina separated by at least 50 mm. To control for eccentricity, only cells within 600 mm of the optic nerve head were analyzed. In all cases, cells were counted using the Cell Counter plug-in (ImageJ). For AC morphology, cells were evaluated individually by high magnification epifluorescence microscopy. Only calretinin-positive cells in the INL located within 40 mm of the IPL and extending a dendrite into the IPL were scored. Processes greater than 10 mm in length were called dendrites.
In Situ Hybridization
In situ hybridizations were completed for fat3 using a probe specific for the mRNA encoded by exon 23 that is deleted in the fat3 KO corresponding to nucleotides 12273-12925 of NM_001080814. The fjx1 probe corresponds to nucleotides 931-1563 of NM_010218. A detailed protocol is available in the Supplemental Experimental Procedures.
Antibodies
Polyclonal antibodies against the C-terminal 245 amino acids of Fat3 were prepared using a His-tagged antigen injected into mouse and rabbit (Primm Biotech, Cambridge, MA). Subsequent standard affinity purification was done on rabbit antisera using a GST-C-terminal Fat3 fusion protein produced in Escherichia coli. The anti-Dab1 antibody was a gift from Brian Howell (Upstate Medical U.), and the anti-EBF antibody was a gift from Randall Reed (Johns Hopkins U. School of Medicine). All other antibodies are commercially available as listed in Supplemental Experimental Procedures.
Western Blots and Immunofluorescence
For western blots, P7 olfactory bulbs were lysed in 20 mM Tris HCl, 2 mM EGTA, 1 mM MgCl 2 , 150 mM NaCl, and 1% Triton X-100. P5 retinas were lysed in 50 mM HEPES, 2mM EGTA, 2 mM MgCl 2 , 10% glycerol, and 1% NP40. Buffers contained 1 mM Pefabloc SC PLUS protease inhibitor (Roche, Rochester, NY). Protein was transferred onto Immobilon-P Membrane (Millipore, Merck, Billerica, MA) in 25 mM Tris, 192 mM glycine, 10%-15% methanol, and 0%-0.05% SDS followed by standard western blotting using antibodies to Fat3 or b-actin. Immunofluorescence was completed using standard protocols on 4% paraformaldehyde-fixed tissue. Images were collected on Nikon E600 and E800 fluorescent microscopes or Olympus Fluoview and Zeiss LSM510 confocal microscopes.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/ j.neuron.2011.06.026.
